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A new study by Yao et al. in the current issue of Cell proposes that a novel vesicular protein, dubbed Flower,
regulates endocytosis by controlling presynaptic Ca2+ levels. This finding is intriguing not only for its impli-
cations for vesicle cycling, but also for the multitude of Ca2+-dependent processes at play in presynaptic
nerve terminals.It is well established that activation of
presynaptic voltage-gated Ca2+ channels
triggers the fusion of synaptic vesicles
with the plasma membrane, leading to
release of neurotransmitter. Lately, much
attention has turned to the role of Ca2+
on the other side of the synaptic vesicle
cycle, in which vesicular membrane and
protein are retrieved from the plasma
membrane by the process of endocytosis.
Although the mechanistic details of endo-
cytosis are still being clarified, it is clear
from studies using diverse experimental
preparations and paradigms that endocy-
tosis, like exocytosis, is regulated by Ca2+
(Ceccarelli and Hurlbut, 1980; Sankara-
narayanan and Ryan, 2001; Wu et al.,
2009). Where exactly does the Ca2+ that
modulates endocytosis come from? This
unresolved issue has important implica-
tions for the relationship between exocy-
tosis and endocytosis. One possibility is
that endocytic processes respond to
Ca2+ entry through the same Ca2+ chan-
nels that trigger exocytosis. However,
exocytosis and endocytosis do not
necessarily occur at the same site, they
have different time courses, and they
may have different dependencies on Ca2+
concentration (Heuser and Reese, 1973;
Hosoi et al., 2009; Wu et al., 2007). It
might be expected then that having
different sources of Ca2+ could permit
finer control over distinct aspects of the
vesicle cycle. But, if there are distinct
Ca2+ signals, how can they be coordi-
nated to support the balance between
exocytosis and endocytosis necessary
for maintained synaptic transmission? In
the current issue of Cell, Yao et al.
(2009) identify a novel Ca2+ channel local-
ized to synaptic vesicles. They propose
that the insertion of this channel in the
plasma membrane provides a source of566 Neuron 63, September 10, 2009 ª2009Ca2+ that selectively regulates endocy-
tosis, but not exocytosis, and could pro-
vide a critical link between these different
phases of the synaptic vesicle cycle.
The new work by Yao et al. arose from
a forward genetic screen for synaptic
transmission mutants in Drosophila. Out
of a number of mutations identified in
this screen, two mapped to a gene with
previously unknown function that the
authors named ‘‘flower,’’ since a pheno-
typic consequence of the mutations was
the breakup of neuromuscular junctions
(NMJs) into florets of tiny, synaptic bou-
tons. Using several immunolabeling ap-
proaches, Yao et al. demonstrated that
the B isoform of the Flower protein, the
only one of three splice variants express-
ed in the nervous system, is primarily
associated with synaptic vesicles with
some additional expression at the presyn-
aptic membrane.
The vesicular localization of Flower
suggested to Yao et al. a potential role in
synaptic vesicle trafficking. Indeed, anat-
omical and functional analysis of the
mutants revealed multiple phenotypic
features reminiscent of previously identi-
fied mutants deficient in synaptic vesicle
endocytosis including larger synaptic
vesicles, an increase in the appearance
of endocytic intermediates at terminals,
and greater depression of excitatory junc-
tion potential amplitudes recorded at the
NMJ at moderate stimulus frequencies.
Compared to those of control flies, flower
mutant NMJ terminals also exhibited less
depolarization-induced uptake of the
styryl dye FM1-43, which fluorescently
labels endocytosed membranes, consis-
tent with a deficit in endocytosis.
What is Flower doing on vesicles and
how does its function contribute to endo-
cytosis?Elsevier Inc.The flower gene is evolutionarily
conserved from worms to humans, and
Yao et al. noticed that the highest amino
acid sequence homology between spe-
cies occurs within the predicted trans-
membrane (TM) regions of the Flower
protein (three or four TM domains were
predicted from the primary amino acid
sequence). The authors were particularly
intrigued by a conserved glutamate-
alanine-proline (EAP) sequence in the
second predicted TM domain (TM2) of
all Flower homologs because Ca2+ selec-
tivity in voltage-gated Ca2+ channels is
thought to rely upon conserved glutamate
or aspartate residues in the pore region of
these channels. Further, similar amino
acid sequences were observed in the ion
selectivity region of the Ca2+-permeable
TRPV5 and TRPV6 channels and the
EAP-containing region within TM2 of
Flower. Although the predicted mem-
brane topology of Flower is unlike that of
voltage-gated channels (four repeated
domains of six TM regions) or TRPV5
and TRPV6 channels (six TM regions in
each subunit), the authors note that
examples of four-TM-domain proteins
that form calcium channels do exist.
Thus, Yao et al. hypothesize that Flower
forms a Ca2+-permeable channel in the
synaptic vesicle membrane.
Yao et al. could not achieve membrane
expression of Flower in standard heterol-
ogous expression systems and were
therefore not able to directly test the pos-
sible Ca2+ permeability of Flower using
electrophysiology. The authors instead
examined this issue by expressing the B
isoform of Flower in Drosophila salivary
gland cells, which are secretory cells
that do not normally express Flower.
Flower expressed in salivary gland cells
localized to the cell surface and resulted
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of Ca2+, as assessed by Ca2+ imaging.
Importantly, mutation of the predicted
second TM glutamate residue to an
uncharged glutamine residue reduced
Ca2+ accumulation to baseline levels. To
rule out the possibility that Flower expres-
sion was gating Ca2+ permeability of
a different protein endogenous to salivary
gland cells, Yao et al. also reconstituted
purified Flower protein into proteolipo-
somes. Consistent with the formation of
a Ca2+-permeable channel, liposomes
containing Flower exhibited significantly
more uptake of radioactively labeled
Ca2+ ions compared to empty liposomes.
Finally, the authors reasoned that if
Flower forms a Ca2+channel, its expres-
sion at the presynaptic membrane, which
they had previously established, might
measurably alter presynaptic resting
Ca2+ levels. In fact, when they measured
resting Ca2+ levels in NMJ boutons, they
observed a significant decrease in Ca2+
in flower mutants compared to controls
that was at least partially rescued by rein-
troduction of wild-type Flower into the
mutants. When these lines of evidence
for the Ca2+ permeability of Flower are
considered together, it seems likely that
this protein represents a novel route for
Ca2+ entry to the presynaptic terminal.
Yao et al. conclude that Flower forms
Ca2+ channels in vesicle membranes
and that their presence regulates endocy-
tosis. The authors suggest a model in
which Flower is associated with synaptic
vesicles at rest, but after insertion into
the presynaptic plasma membrane upon
full-fusion exocytosis, Ca2+ influx through
Flower contributes to the Ca2+ signal
mediating endocytic reuptake of vesicular
membrane (including Flower itself) (see
Figure 7E of Yao et al., 2009). Hence,
Flower is a channel in effect ‘‘gated’’ by
the synaptic vesicle cycle. This self-regu-
latorymechanismpresents aconceptually
satisfying solution to the problem of main-
taining a balance between exocytosis and
endocytosis at the synapse; with in-
creasing levels of exocytosis, more Flow-
er is inserted into the synaptic membrane
and the ensuing increase in Ca2+ triggers
higher levels of endocytosis. If Flower
selectively associates with vesicular
proteins, it could even enhance the effi-
ciency of synaptic vesicle recycling by
providing a local signal for the selectivereuptake of critical vesicular constituents.
It should be mentioned that Yao et al. did
not explicitly link the Ca2+ channel
behavior of Flower to a direct role in endo-
cytosis. Their data leaves open the possi-
bility that disruption of a separate function
of Flower, distinct from or in addition to its
ability to conduct Ca2+ ions, may account
for the endocytosis defects in flower
mutants. This possibility could potentially
be addressed by assessing the effect of
introducing Flower with the TM2 domain
glutamate-to-glutamine mutation (which
the authors showed abolishes Ca2+ per-
meability) into flower mutant flies. Since
this point mutation should affect Ca2+
entry through Flower while leaving intact
other potential functional domains, the
prediction would be that the endocytosis
deficiencies of flower mutants would not
be rescued in such an experiment.
Nevertheless, the discovery of a novel
presynaptic Ca2+ source has significant
ramifications for the regulation of presyn-
aptic Ca2+ levels that extend beyond
synaptic vesicle endocytosis. The resting
[Ca2+]i of synaptic terminals is a critical
determinant of several fundamental pre-
synaptic properties including the proba-
bility of neurotransmitter release and the
mobilization of vesicles between reserve
and readily-releasable pools (Neher and
Sakaba, 2008). Even small changes in
resting Ca2+ levels may have significant
effects on presynaptic function. For ex-
ample, in some mammalian nerve termi-
nals, vesicle release probability is en-
hanced by small depolarizations that
elicit increases in background presyn-
aptic [Ca2+] of less than 100 nM (Awatra-
mani et al., 2005). Since the membrane
distribution of Flower is proposed to
depend on the recent history of exocy-
tosis, this protein could provide a means
to regulate resting presynaptic [Ca2+]i
and, accordingly, presynaptic function in
relation to recent patterns of activity.
Because the suggestion that Flower is
a novel Ca2+ source has many potential
consequences for synaptic transmission,
it will be critical to obtain direct evidence
that it is in fact a Ca2+ channel. Thus,
future studies will need to achieve suc-
cessful membrane expression of Flower
in a heterologous system amenable to
patch-clamp analysis. Likewise, clear
demonstration that Flower is in fact in-
serted into the presynaptic membraneNeuron 63, Sand alters terminal Ca2+ levels upon
exocytosis would further cement an
important role for Flower in presynaptic
physiology. Beyond clarifying these is-
sues, numerous additional questions
will blossom forth from the study of
Yao et al., as befits the first description
of a new synaptic protein. Most non-
Drosophila neurobiologists will ask about
the targeting and function of Flower
homologs in other species. In regards to
its contribution at synapses, how does
Ca2+ flux through Flower compare to
that mediated by other sources such as
voltage-gated channels, and do their rela-
tive contributions change under specific
conditions? Is Flower activity selectively
associated with specific presynaptic
spike patterns? Since kinetically distinct
modes of endocytosis appear to have
different requirements for Ca2+ (Wu
et al., 2009), answering these questions
may shed light on regulatory mechanisms
underlying different endocytic pathways.
If the proposed role for Flower proves
ubiquitous, what would this mean for
‘‘kiss-and-run’’ exocytosis, in which the
protein would have no access to plasma
membrane? The discovery of Flower by
Yao et al. provides an exciting new
perspective on endocytosis. Further
study may bear unexpected fruit for other
aspects of presynaptic function as well.
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